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II. INTRODUCTION
Pressure is a fundamental thermodynamic variable in many industrial processes. The study, understanding and prediction of how changes in pressure affect different properties such as solubility parameters, activity coefficients, Flory-Huggins parameters and interfacial tension, amongst others, is fundamental in the design and application of multi-component products. In particular, the understanding of hydrocarbon-water mixtures at different thermodynamic conditions is essential in the process of oil recovery and other industrial applications. In these systems the effect of high pressure and temperature in different properties is particularly relevant in order, for example, to improve the displacement kinetics involved during the extraction of oil. Complex capillary responses due to changes in interfacial tension and in cohesion parameters originated by variable thermodynamic conditions in the oil reservoir could have important economic consequences. The evaluation of these effects is not easy to perform in the laboratory due to the fact that experiments in such extreme conditions are expensive and difficult to handle. For this reason there are many measurements under atmospheric conditions, but only a few studies at high pressure and temperature are available [1, 2] .
Interfacial tension σ and cohesion parameters such as the cohesive energy density E coh , the solubility δ and the Flory-Huggins χ parameters are important quantities widely used in different industrial areas such as paints and coatings, pharmaceutics, bio-polymers, membranes, smart materials, etc. A paramount goal in this area is to establish an accurate and accessible methodology to obtain these parameters for complex mixtures as a function of pressure and temperature. Usually, the solubility parameters are obtained experimentally by means of the heat of vaporization at atmospheric conditions, but in a complex fluid system the components are not totally volatile at different thermodynamic conditions [3] . Other alternatives such as the use of equations of state could be employed but in this case it is necessary to have a good description of the volume and the density behavior at different temperatures and pressures which is not an easy task. Another common solution has been to consider the internal pressure as a substitute for the solubility parameters [4, 5] but these two concepts do not describe the same phenomena especially under different thermodynamic conditions [3] .
As an alternative for the study of this kind of complex systems, multiscale numerical simulation has shown to be a very promissing option [6] . As different time and length scales and a big number of components are involved in complex fluids, multiscale modeling involving atomistic and mesoscopic approaches has been considered as an attractive combination for their study. The use of these two techniques permits to simulate large complex systems taking advantage of the collective properties at a mesoscopic level with relatively cheap computational requirements, and also to calculate properties at the atomistic level when necessary.
As it is well known, the collective and cooperative behavior emerge in systems with many particles making possible the use of coarse grained simulations and scaling concepts for their study. One of these numerical techniques is the Dissipative Particle Dynamic (DPD) methodology [7] which is specially attractive to simu-late correctly the hydrodynamics of complex liquids (for an extensive review of this methodology see for example [6, 8] ).
Even though the use of classical DPD has been applied to simulate different kinds of systems, its use to model and reproduce real behavior in a DPD fluid at different thermodynamic conditions (different pressures or temperatures), not only in a qualitative but also in a quantitatively way, remains a challenge due to the restricted thermodynamic behavior given by the functional expressions for the conservative force employed .
Some efforts have been done in order to describe the thermodynamic properties of real systems with DPD using modifications of the traditional technique through, for example, the so called Multibody-DPD (MDPD) [9, 10] . In MDPD the conservative force depends not only on the inter-particle separation but also on the instantaneous local particle density which depends on the positions of all other neighboring particles. For this reason, the conservative force in MDPD is a many-body force.
Using an improved MDPD model some authors [11, 12] , have performed simulations for single and multicomponent systems at constant pressure, including a modified version of the Andersen barostat to suppress the unphysical volume oscillations due to pressure changes, simplifying the equilibration of the system. Nevertheless, the effect of pressure using the classical DPD technique has remained unexplored. In traditional DPD the thermodynamic quantities are obtained using only a single parameter a ij in the conservative force. Recently, one of us has presented the methodology to model the effect of temperature in this kind of simulations via a temperature-dependent repulsive a ij (T ) parameter [13, 14] . This parametrization allows one to consider the thermodynamic conditions using information at an atomistic level.
In this contribution we present the technique to study the effect of pressure with the DPD approach, following a similar idea. To achieve this, we obtain and analyze first the effect of pressure and temperature on the cohesive energy density E coh (T, P ) for the pure components via atomistic simulations, and then calculate the solubility parameters δ(T, P ) and the Flory-Huggins χ ij (T, P ) parameters in binary liquid-liquid mixtures at different pressures and temperatures. Following the standard DPD methodology, we assume that the temperature and pressure dependence of the DPD a ij (T, P ) parameters could be associated directly with χ ij (T, P ).
We probe this direct dependence by modeling the interfacial tension between binary mixtures performing DPD simulations. We use our model to predict the interfacial tension of benzene-water and n-decane-water mixtures at T = 298, 323 and 373 K and P = 200, 400, 600, 700, 800, 1000 and 1200 atmospheres, and compare with reported experimental data [1, 2] obtaining an excellent agreement. To our knowledge, this is the first time that DPD simulations at different pressures and temperatures are reported with such exactitude.
In Section II we describe the general characteristics of DPD methodology and the procedure followed to obtain the pressure dependence of the DPD interaction parameters via the solubility and Flory-Huggins parameters. In Section III we discuss the effect of pressure and temperature in the solubility parameters and interfacial tension. Section IV presents the simulation details and the results obtained for the cohesive density energy E coh and the solubility parameters δ by atomistic simulations at several pressures and temperatures, as well as for the interfacial tension σ of benzene-water and n-decane-water mixtures performing DPD coarse grained simulations. Finally, some conclusions are discussed in Section V.
III. MODELING THE EFFECT OF PRESSURE WITH DPD
The core structure of the Dissipative Particle Dynamics (DPD) simulation method [7, 15] is fundamentally the same as a classic Molecular Dynamics (MD) algorithm but, in DPD, the particles correspond to coarsegrained structures representing molecular or atomic clusters instead of individual atoms. The momentum and position of each DPD particle are calculated by solving Newton's second law of motion using the total force acting on it at finite time steps. The main difference involving MD and DPD methodology is that, in DPD, the functional structure of the interacting force linking any two particles i and j is constituted by the sum of three components:
, and a random (F R ij ) force. The total force felt by particle i due to the presence of all other particles is thus
The time evolution of velocities and positions are calculated fromv i = F i andṙ i = v i , where v i is the velocity and r i the position of particle i. A soft, linearly decaying repulsive interaction is used for the conservative force between each particle pair:
where r ij = r i − r j , r ij = |r ij | andr ij = r ij /r ij . In this expression a ij is known as the repulsive DPD parameter acting between the pair of particles and r c represents a cutoff distance. The dissipative and the random forces are defined as:
respectively. Here, σ is the noise amplitude and γ is the friction coefficient. To guarantee that a Boltzmann distribution is achieved at equilibrium, σ and γ are related
2γ as a consequence of the fluctuation -dissipation theorem [16] , keeping the temperature internally fixed. Here k B is Boltzmann's constant, ξ ij = ξ ji is a random number distributed between 0 and 1 with Gaussian distribution and unit variance, and v ij = v i − v j is the relative velocity between the particles. The weight functions ω D and ω R depend on distance and vanish for r ≥ r c , they are commonly established as:
The cutoff radius r c is commonly chosen as the reduced unit of length, r c = 1, and corresponds to the intrinsic length scale of the DPD model. The masses of all particles are chosen to be equal to the reduced unit of mass m i = 1. The cut-off radius r c could be written as:
where v b is the bead volume, N m is the coarse graining factor (it is the number of water molecules per DPD particle) and can be considered as a real-space renormalization factor, and ρ * is the number of DPD beads in a lattice box of side r c and volume r 3 c . For example, for N m = 1, ρ * = 3, and v b = 18Å 3 , we have r c = 4.48Å. As we have mentioned, thermodynamic quantities in DPD are calculated using only the conservative force [19] , and for this reason a correct estimation and scaling for the repulsive a ij parameter is fundamental to simulate realistic systems at different thermodynamic conditions. The effect of changes in the random and dissipative forces has been recently studied [30] showing that the average contribution of these two forces to the pressure is negligible. For this reason we will focus only on the conservative parameter a ij . The DPD parametrization needs to be appropriately selected to give an accurate estimate of the real system. For sufficiently large number densities the DPD equation of state for a monocomponent system is [15, 17] 
where α = 0.101 ± 0.001 is a numerical constant and a ii are the interaction parameters for identical DPD particles. This equation shows the dependence on P of the interaction parameters. To describe the real system, fluctuations in the liquid must be described adequately, and these are determined by the compressibility of the system. The definition for the dimensionless isothermal compressibility is κ −1 = 1/nk B T κ T = 1/k B T (∂P/∂n) T where n = N m ρ DP D is the number density of molecules in the medium and κ T is the usual isothermal compressibility, (κ T ) −1 = n (∂P/∂n) T . The dimensionless isothermal compressibility for water at standard conditions is κ −1 = 15.9835 ≈ 16, and may be considered to be constant in the pressure range from 20 to 120 MPa to be considered [18] . Using the DPD equation of state the following relationship emerges:
Then, the conservative force parameter for particles of the same type, a ii , may be obtained as
These equations give the relationship between the mesoscopic model parameter and the real compressibility of the system. The free energy density for a DPD monocomponent system is
and for a two-component system
where the indices i, j refer to species i and j respectively. Writing a ii = a jj , ρ i + ρ j = ρ and x = ρ i /(ρ i + ρ j ), we have
(10) where
has been identified with the well known Flory-Huggins parameter. Groot and Warren [15] found that there is a linear relation between χ and ∆a = a ii − a ij given by χ = (0.286 ± 0.002)∆a for (ρ = 3). We propose that the dependence on temperature and pressure could be then included in the DPD repulsive parameter via the pressure and temperature dependent Flory-Huggins parameter χ ij (T, P ), and can be generalized as
where 0.286 −1 is a numerical constant [15] and χ ij (T, P ) is given by
Here, δ i (T, P ) is the solubility parameter of the i-th particle, which we take to be that of the species it represents even if the particle does not cover a full molecule of it (vide infra for simulation details), and V i (T, P ) is the partial molar volume of particle i at temperature T and pressure P . Interfacial tensions are obtained by the IrvingKirkwood [20] method expressing the surface tension from the local components of the pressure tensor. We use the virial theorem route [21] and the components of the pressure tensor P ii (i = x, y, z) obtained from the total conservative force, and time averages over the simulation time. For an interface at the x-y plane we have (14) were L z is the length of the simulation box in the zdirection, the brackets indicate time average over the integration phase of the simulation, and P ii (T, P ) are the temperature and pressure dependent component of the pressure tensor in the i-direction; similarly for other interfaces.
IV. EFFECT OF PRESSURE AND TEMPERATURE IN THE INTERFACIAL TENSION AND IN THE COHESION PARAMETERS
It is known that the effect of temperature in the interfacial tension is much greater than that of the pressure. Usually, the maximum change in the interfacial tension in binary mixtures as a function of pressure, in the range 20 to 120 MPa, is around 0.5 to 2 dynes/cm; for this reason the effect of pressure is difficult to observe in the laboratory. Experimental studies using binary mixtures (benzene/water and n-decane/water) have suggested the following phenomenological relation over a range of 20 to 150
• C and for pressures of 200 to 700 Atm [2] :
where P is the pressure in atmospheres and ∆T = T − 25 in • C. The values of the coefficients a 0 , a 1 and a 2 depend on the kind of liquids in the system. Some authors [2, 31] have reported that the pressure coefficient a 1 is very small and positive for the case of benzene/water and n-decane/water systems for pressures lower than 700 atmospheres, but experimental results obtained in [1] for the benzene/water system at pressures higher than 700 atmospheres show a negative pressure coefficient as a consequence of the increased influence in the solubility of the phases when the pressure is increased. The decrease in the interfacial tension when the pressure is increased has been reported also for binary mixtures of CO 2 /alkane systems [32, 33] .
The forces involved in the interfacial tension of multicomponent fluids are intimately related to the solubility and Flory-Huggins parameters. The concept of the solubility parameter δ introduced by Hildebrand and Scott in 1950 [4] has been fundamental in the analysis of mixtures and pure compounds in many industrial areas. It is usually assumed that the solubility parameter consists of a linear combination of contributions from dispersion interactions, polar interactions and hydrogen bonding [25] :
Commonly, this parameter is calculated at atmospheric pressure via the heat of vaporization, but in many cases high pressures and temperatures are involved in industrial processes and this procedure could lead to a poor estimate for δ. A more adequate estimation of δ(T, P ) under different conditions of pressure and temperature is necessary, and we can express it in terms of the cohesive energy of the liquid E coh (T, P ) and its molar volume V (T, P ) as
where the cohesive energy density (E coh ) is a measure of the whole molecular cohesion per unit volume. The effect of pressure and temperature on the solubility parameter has been estimated by Null and Palmer [22] for vapor pressure calculations as
where V liq (T, P ) is the molar volume of the liquid phase, R the gas constant and B, C are the constants of Antoine's equation [23] log P = A − B C + T
with P and T the pressure and temperature of the vapor phase. Antoine's equation permits a good estimation of the vapor pressure as a function of temperature, but unfortunately the constants are not available for all systems.Those for the species considered in this work are shown in Table I . For the dependence of the cohesive energy on pressure and temperature we use Barton's expression [3, 5] −E coh (T, P ) = U vap (T, P = 0)−U liq (T, P ) = −U r (20) where U vap and U liq are the internal energy of the vapor and liquid phases respectively [3] , and U r is the residual internal energy. MacDonald and Hyne [24] determined the cohesive energy density of alcohol-water mixtures at different temperatures and at atmospheric pressure finding that the cohesive energy density has a monotonous behavior with P over a very large range.
In this contribution we present an alternative to obtain all this information via multi-scale simulations using Molecular Dynamics and Dissipative Particle Dynamics simulations and compare the results with the experimental data.
V. METHODOLOGY AND RESULTS
A. Solubility parameters as a function of pressure and temperature by molecular dynamic simulation
The solubility parameters δ(T, P ) and cohesive energy densities E coh (T, P ) at temperatures T = 298, 323, 373K and pressures P = 200, 400, 600, 700, 800, 900, 1000, 1200 Atm for benzene, n-decane and water were calculated performing atomistic molecular dynamics simulations. We consider periodic cells of amorphous fluid structures, using the Amorphous Cell module of the Materials Studio suite [26] . The dimension of the simulation box was chosen in all cases to be 25Å and the COMPASS force field was used to model the interatomic interactions. We developed N P T dynamics simulations in order to equilibrate the density of the system at the temperature and pressure of interest. We then used the Discover Molecular Dynamics engine to evolve the systems at these thermodynamic conditions obtaining statistically independent structures.
From The results for the solubility parameter δ and molar volume V m are presented in Table II . Figure 1 shows our results for water, benzene and n-decane compared to the theoretical prediction using the Null-Palmer equation (18) and the molar volume obtained by MD simulations. The B, C Antoine's constants were taken from [23, 28] and summarized in Table I . We can observe, as is expected, that at fixed temperature the solubility parameter increases only slightly with pressure. The agreement is striking, with the benefit that our methodology may be employed for any species.
B. Interfacial tension of benzene/water and n-decane/water system at different P and T by DPD simulations.
Using the values for V i (T, P ), δ i (T, P ) and δ j (T, P ) obtained (see Table II ) and equations (12) and (13) we calculated the values of the interaction a ij (T, P ) and Flory-Huggins χ ij (T, P ) parameters these are summarized in Table III . The effect of temperature and pressure was considered directly in the conservative force. With this information the DPD simulations were carried out. We took like-like interaction parameters to be equal: a ii (T, P ) = a jj (T, P ) = 25 (see equation (7) . Dimensionless number density ρ * = ρr 3 c and the dimensionless repulsive parameters a * ij = a ij r c /k B T were used. A total average density of ρ * = 3.0 was taken, and the masses were all set equal to 1. Values for the constants γ = 4.5 and σ = 3 were used in order to maintain the temperature k B T = 1. We used a reduced time step of ∆t * = ∆t(k B T /mr 2 c ) 1/2 = 0.03 and the standard velocity-Verlet algorithm adapted for the velocitydependent dissipative force of the DPD model. Periodic boundary conditions in all directions were imposed, and the total number of DPD particles was 4500 in a cubic box with L * = 11.4. We performed 100 blocks of simulations with 10 4 time-steps each and the interfacial tension was calculated by averaging over the last 75 blocks according to Equation (14) .
We studied two mixtures: benzene/water and ndecane/water at T = 298, 323, 373 [K] and P = 200, 400, 600, 700, 800, 900, 1000, 1200 [Atm]. The two systems were modeled as 50:50 binary mixtures of DPD particles of benzene:water and n-decane:water respectively.
We consider here that the DPD method is scale-free as originally proposed [15] and previously demonstrated by Fuchslin et al. [29] for equilibrium systems, using the appropriate scaling scheme for the interactions. This means that the parameters used in the simulations must be independent of the level of coarse graining. In our case, as the interfacial phenomena present no conventional interactions for a typical length scale, one water molecule was represented by one DPD particle, i.e., N m = 1. We chose to represent benzene by one DPD particle, and n-decane by two DPD particles joined by a spring with constant k = 0.1 in order to preserve entropic contributions. Note that with this choice one DPD particle will only partially contain a benzene molecule, and two DPD particles will only partially contain a molecule of n-decane. The map is, however, appropriate since this is the scale at which interfacial interactions between each species and water take place. Furthermore, the solubility parameters δ benzene and δ n−decane used are those of the appropriate species, which eliminates extra degrees of freedom that may be spuriously introduced by the chosen mapping since the microscopic information given by δ translates in DPD into a collective property essentially integrating over the degrees of freedom which no longer appear at the mesoscopic scale. Note also that r c ∼ 1/2r DP D , so only nearest-neighbor interactions are being considered.
The interfacial tension obtained by DPD simulations using the parameters in Table III is summarized  in Table IV in DPD units as well as in real units [dyn/cm] obtained using the correspondence between dimensional and adimensional interfacial tension σ r = (k B T /r 2 c )σ DP D . Figures 2 and 3 show these results graphically. The cutoff radius r c was calculated using equation (5) .
Even though the maximum experimental change in interfacial tension is less than 3 [dynes/cm] over the entire pressure range [2] due to the low mutual miscibility between the liquids, as can be observed in the density profiles shown in figure 4 our simulations can capture this effect because of the direct dependence of the conservative force with the solubility parameters. Differences between benzene-water and n-decane/water mixtures indicate that there are weaker attractive forces between n-decane and water than between benzene and water, which is evident from the χ ij values obtained.
VI. CONCLUSIONS
A methodology is presented for modeling the pressure dependence of interfacial tension in binary mixtures using a combination of Molecular Dynamics and Dissipative Particle Dynamics simulations. The cohesive energy density and the solubility parameters are calculated at different temperatures and pressures using Molecular Dynamics simulations and the thermodynamic properties of real systems are reproduced with excellent agreement. The pressure and temperature dependence of the FloryHuggins and repulsive interaction parameters are also obtained and the experimental behavior of the considered systems is reproduced. The methodology described works in a very large range of parametric conditions, is sensitive to changes of only a few dynes/cm, and is amenable to applications were experimentation may be difficult or even impossible.
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We thank DGTIC-UNAM for computational support. ] at different T and P for water, n-decane and benzene obtained from Table II by MD, and compared with the experimental Null-Palmer equation [22] . (See Section V A for details).
TABLE II. Solubilty parameter δ and molar volume Vm for water, benzene and n-decane at different T and P obtained by MD simulations, as described in Section V A. TABLE III . Calculated values of χij(T, P ) and aij(T, P ) for benzene/water and n-decane/water mixtures, from the values of Vi(T, P ), δi(T, P ) in Table II Table IV by DPD simulations, as described in Section V B.
TABLE IV. Interfacial tension for benzene/water σ b/w and n-decane/water σ d/w at different T and P , both in DPD and physical units, obtained using the results in Table III Interfacial tension in physical units for benzene/water and n-decane/water, obtained from Table IV as described in Section V B by DPD simulations. Some authors [2, 31] report a small and positive pressure coefficient for this systems for pressures lower than 700 atmospheres, while experimental results [1] show a negative pressure coefficient at higher pressures as a consequence of the increased influence in the solubility of the phases. Our results are consistent with the experimental ones.
FIG. 4. Density profiles for benzene/water and n-decane/water systems at T = 298 K and P = 400 and 1200 Atm, obtained from DPD simulations as described in Section V A.
